Portland, Oregon 97201 Various steroids were tested for their effects upon gonococcal 02 consumption and glucose catabolism. The ability to inhibit gonococcal 02 uptake appeared to be related to the molecular configuration of the steroid. The presence of lipophilic groups enhanced inhibition, whereas the addition of hydrophilic groups markedly diminished inhibition. Steroid inhibition decreased with an increasing number of polar groups. Glucose catabolism was inhibited by steroid hormones, and the degree of inhibition was influenced by pH and medium composition. Changes in growth medium and pH also resulted in differential steroid inhibition of 02 uptake. Under certain conditions, lactate partially relieved this inhibition. Gonococci that were grown in one environment and shifted to a new environment were inhibited by steroids to the same extent as if they had been originally grown in the new environment. The differential effects of medium and pH upon steroid inhibition may be due to structural rearrangements involving membrane phase transitions or to altered receptor affinity.
The percentage of positive cultures obtained from females with gonorrhea varies with the day of the menstrual cycle (8, 10, 11) . Maximum recovery occurs at menstruation, whereas minimum recovery coincides with the peak plasma progesterone levels seen during week 3 of the cycle. Plasma levels of f3-estradiol are biphasic, with a peak at midcycle and a secondary peak during week 3 (24, 25) .
Previous reports from our laboratory have indicated that Neisseria gonorrhoeae is unusual among gram-negative bacteria in that its growth is inhibited by progesterone (3, 18) . Progesterone bound to both protein and lipid components of the cytoplasmic membrane, where it inhibited the activities of respiratory enzymes (14, 18) .
This study investigates the inhibitory activities of various steroids and their derivatives on gonococcal respiration to ascertain the molecular characteristics necessary for inhibition. In addition, environmental parameters which might influence the outcome of steroid-cell interactions were examined.
MATERIALS AND METHODS Organisms. N. gonorrhoeae CS-7 was used throughout this study. Isolation, characteristics, and maintenance of this strain have been described previously (16, 19) . Strains 1384 and 2024 are auxotrophic for arginine, hypoxanthine, and uracil (AHU strains) and were isolated from disseminated infections (17 ocorticosteroids tested were not very inhibitory. Cortisone and hydrocortisone had no effect on 02 uptake. Corticosterone and deoxycorticosterone were only slightly inhibitory, which is interesting since deoxycorticosterone only differs from progesterone by the presence of a hydroxyl group at C-21. Inhibition by testosterone was enhanced by the addition of acetate or propionate groups; the hemisuccinate form was not very inhibitory. The C-19 methyl group was apparently important for inhibition, since 19-nortestosterone did not inhibit 02 uptake. Androstandione, androstendiol, and dehydroisoandrosterone, which lack the C-4,5 double bond and have altered polarity, were less inhibitory.
Cholesterol, the only sterol tested, had essentially no inhibitory effect. Diethylstilbestrol, a synthetic estrogen, was markedly inhibitory and was the most inhibitory compound tested. Inhibition of glucose metabolism. Selected steroid hormones were tested for their ability to inhibit the release of "CO2 from [1-14C] glucose by gonococci grown in two types of media at three different pH values. The rates of 1"CO2 production were lower in DM than in CM at each pH examined. Figure 2 Effects of medium and pH on steroid inhibition of 02 uptake. Changes in the growth medium and pH resulted in differential effects of steroid hormones on 02 uptake by exponential-phase gonococci ( Table 2 ). Gonococci grown in CM were inhibited least at pH 6.2; this inhibition was partially reversed by the addition of 5 mM L-lactate. Gonococci grown in CM at either pH 7.2 or 8.0 were inhibited to the same extent by the testosterones and progesterones. The estradiols were more inhibitory at pH 8.0. L-Lactate did not increase 02 uptake of either treated or untreated cells grown at pH 7.2 or 8.0 in CM. When L-lactate was added to untreated cells at pH 6.2, the rate of 02 uptake increased by 14%. When L-lactate was added to steroidtreated gonococci at pH 6.2, the rate of 02 uptake increased to the same extent as the untreated control. This effect was also seen with gonococci grown in DM.
The 02 uptake of gonococci grown in DM was inhibited to a greater extent at pH 6.2 and 8.0 than at pH 7.2. With the exception of testosterone acetate, little inhibition was evident at pH 7.2. In general, inhibition was greatest at pH 6.2, exactly the opposite result from that of cells grown in CM. As seen with CM, the inhibition of fl-estradiol diacetate was greatest at pH 8.0 and was generally less than that observed with progesterone or testosterone acetate. Overall, the inhibition of 02 uptake of DM-grown gonococci was less than that of CM-grown cells at each pH tested. The addition of 5 mM L-lactate increased the 02 uptake of DM-grown cells at each pH; the extent of lactate oxidation increased with a decrease in pH.
The decreased inhibition of 02 uptake with DM-grown cells was not due to a dilution effect of steroid action by an increased content of respiratory components. 
DISCUSSION
The inhibition of 02 uptake appears to be related to the molecular configuration of the steroid (see Fig. 1 ). The progesterone molecule loses inhibitory activity when its planarity and polarity are altered. The trans arrangement of the A-B ring junction helps the molecule to form a flat plane; the presence of a 5,B-hydrogen results in a cis arrangement. The latter produces an altered conformation of the A-ring, destroying planarity and apparently modifying the mode of action, as seen with 5,B-pregnan-3,20-dione. The addition of various groups at C-6 or C-il apparently causes steric interference (26) , resulting in diminished inhibitory activity in our system as well as in a mitochondrial system (26) . Similar structural requirements have been found to be important for such diverse biological functions as sterol metabolism in yeast (20) , estrogenicity, and androgenicity (20) and for steroid inhibition of reduced nicotinamide adenine dinucleotide oxidase activity of heart muscle mitochondria (26) . The latter has an electron transport system similar to that of the gonococcus (29) .
The increase in polarity resulting from the addition of hydroxyl groups at C-11, -17, or -21 may account for the lack of inhibitory activity of the adrenocorticosteroids. According to the polarity rule, the binding affinity between a protein and a steroid decreases with an increasing number of polar groups (28) . Similarly, the alterations in polarity among testosterone derivatives substituted at C-3 and C-17 may account in part for the differences in activity seen here and with heart muscle sarcosomal fragments (26) .
Progesterone was the best inhibitor among the naturally occurring steroid hormones tested for their ability to inhibit gonococcal 02 uptake. The steroid hormone derivatives that had the greatest inhibitory effect were norethindrone acetate, testosterone acetate, and testosterone propionate. What these molecules have in common is the presence of less polar, more lipophilic groups in the /8 position at C-17: -CO-CH3
for progesterone, -0--CO-CH3 for norethindrone acetate and testosterone acetate, and -0--CO-CH2-CH3 for testosterone propionate. The more hydrophobic acetate and diacetate derivatives have also been found to be more inhibitory for mitochondrial reduced nicotinamide adenine dinucleotide oxidase (26) . Previous studies have shown that bound progesterone associates with protein-and lipid-containing cell fractions of N. gonorrhoeae (14, 18) . Thus, the presence ofthese additional lipophilic groups would augment the transmembrane diffusion of steroid molecules through the hydrocarbon interior of the outer membrane (21).
Glucose catabolism was inhibited by lower concentrations of steroids than were needed to inhibit 02 uptake. However, comparison may be difficult because of the difference in experimental conditions. 02 uptake experiments utilized growing cells diluted with fresh media to a suitable concentration. Radiorespirometric experiments required the centrifugation, resuspension, and starvation of the cells to remove exogenous and endogenous glucose before the addition of radiolabeled substrate. Gonococci may have been stressed during this manipulation, resulting in an increased sensitivity to steroids. However, steroid inhibition of glucose catabolism was always compared to '4CO2 release from the same cells receiving ethanol, but not steroids. The mechanism by which steroids inhibit glucose catabolism is probably indirect. Previous results showed that the reduced nicotinamide adenine dinucleotide oxidase and cytochrome b L-lactate dehydrogenase activities of gonococcal membrane preparations were inhibited by progesterone (18) . Recently, it was observed that gonadal steroid hormones had no effect upon the activity of partially purified gonococcal glucose 6-phosphate dehydrogenase (A. F. Cacciapuoti and S. A. Morse, Can. J. Microbiol., in press). Our finding that steroids inhibit the respiration of growing gonococci supports the conclusion that the binding of steroids to the cytoplasmic membrane perturbs electron transport (14, 18) . The inhibition of energy generation may therefore affect related phenomena, such as active transport, or the recycling of reduced pyridine nucleotides which regulate glucose catabolism.
Differences between the inhibition of 02 Uptake of DM-and CM-grown cells may be the result of media components and not due to intrinsic differences in the composition of the cells. Preliminary results (data not shown) suggest that the fatty acids present in proteose peptone no. 3 may be responsible for the increased inhibition of 02 uptake of CM-grown gonococci. Fatty acids are inhibitory to the growth of gonococci in vitro (13) , and fatty acid acyl coenzyme A derivatives inhibit glucose 6-phosphate dehydrogenase activity (Cacciapuoti and Morse, in press). Fatty acids are present in human vaginal secretions (22) and may potentiate the activity of steroids or cause a more effective partitioning of the steroids into the lipid phase of the gonococcal cell membranes. 02 uptake by gonococci grown under one set of conditions and diluted into different conditions was inhibited by steroids to the same extent as when cells had been grown originally in the diluting medium. Therefore, the differential effects were not due to synthesis of new envelope components. The differential effects of pH upon steroid inhibition may involve changes in membrane fluidity due to temperature-dependent phase transitions. These phase transitions can be influenced by growth medium (2, 5, 6) , pH (1, 7, 27) , and cation concentrations (7, 27; K.A.E. Lysko, Ph.D. thesis, University of Massachusetts, Amherst, 1980). Alternatively, changes in pH could affect the interaction between steroids and the gonococcal cell envelope. Steroid hormones are not charged at physiological pH (28) ; however, the pH change may affect the affinity between steroids and cell membrane receptors. The affinity of al-acid glycoprotein for progesterone decreases with a decrease in pH (4) . A similar change in affinity could be responsible for the reduced inhibition of 02 uptake by progesterone when cells were tested at pH 6.2.
Since L-lactate partially relieved steroid inhibition of 02 uptake, the oxidation of lactate may have survival value for the gonococcus. Although cytochrome b L-lactate dehydrogenase activity in gonococcal membrane preparations was inhibited by progesterone, the addition of lactate to gonococcal growth media partially prevented progesterone inhibition of growth (18) . In the present study, we find that L-lactate is serving as an alternate electron donor and that its oxidation is affected by steroid hormones. The addition of L-lactate to steroid-treated gonococci did not increase the rate of 02 uptake to that of untreated cells, but only increased the rate relative to the degree of inhibition. We suggest that it is the total capacity for 02 consumption that is diminished and that steroid inhibition of 02 uptake in the gonococcus is a general phenomenon occurring at the membrane level and not due to action upon a particular component of the respiratory chain.
Progesterone in normal human females reaches a serum level of 10 to 30 ng/ml about 8 days after ovulation (9, 24, 25) . The total number of gonococci in the cervicovaginal area of women with gonorrhea has been estimated to average 1.5 x 105 colony-forming units, with a range from 4 .0 x 102 to 1.8 x 107 colony-forming units (12) . In our experiments, progesterone inhibited O2 uptake >50% at a concentration of 40 ,ug per 5 X 107 cells. Due to limitations in the sensitivity of the assay, we could not measure 02 uptake at a 1,000-fold lower cell concentration, where we might have tested for inhibition by in vivo levels of steroid. Therefore, a direct extrapolation from our studies to what might occur under in vivo conditions cannot be made at this time. However, the high surface-volume ratio of gonococci may favor steroid interaction in a dilute system.
